Mechanism of response of potential-sensitive dyes studied by time-resolved fluorescence  by Das, Tapan K. et al.
Mechanism of response of potential-sensitive dyes studied
by time-resolved fluorescence
Tapan K. Das, N. Periasamy, and G. Krishnamoorthy
Chemical Physics Group, Tata Institute of Fundamental Research, Homi Bhabha Road, Bombay 400 005, India
ABSTRACT The mechanism of response of two potential-sensitive dyes, diOC2(5) (3,3'-diethyloxadicarbocyanine iodide) and oxonol V
(bis-[3-phenyl-5-oxoisoxazol-4-yl]pentamethine oxonol), were studied by using steady-state and time-resolved fluorescence tech-
niques. The lipid concentration dependence of the Ab (membrane potential)-induced change in total fluorescence intensity was quite
different for these two dyes. Time-resolved fluorescence measurements showed that the fluorescence decay of these dyes in mem-
branes could be resolved into at least three exponentials. AOt'-induced changes in the levels of these three populations were also
measured under a variety of conditions. In the case of diOC2(5) an inside negative AV/ increased the levels of the bound forms. This
shows that diOC2(5) responds to AOV mainly by an "on-off " mechanism whereby AO perturbs the membrane-water partition coefficient
of the dye. The AOt'-induced changes approached zero when the dye was totally membrane bound. In contrast, the AO-induced
response of oxonol V increased with increased membrane binding. An inside negative AO decreased the level of the bound form with a
longer lifetime. This shows that the mechanism of response of oxonol V is a Ab-induced shift in the equilibrium between bound forms of
the dye.
INTRODUCTION
A large variety ofdyes have been widely used in measur-
ing transmembrane electrical potentials in cells, organ-
elles, and vesicular systems ( 1-1 1 ). The absorbance and,
in most cases, the fluorescence intensity ofthese dyes are
sensitive to the membrane potential (AkI).1 Such mea-
surements using dyes are useful in situations where mi-
croelectrodes cannot be used. These dyes have been
broadly classified into two types, i.e., "fast" and "slow"
dyes based on their response time (1). Generally, fast
dyes are associated with smaller changes in their signals
(either fluorescence or absorbance changes). However,
they are useful in real-time monitoring of rapidly chang-
ing AI, as in the case ofpropagation ofthe action poten-
tial.
There have been a substantial number of models and
experimental work (12-20) aimed at delineating the
mechanism(s) by which these dyes respond to AO,. Un-
derstanding the mechanism(s) is essential in interpreting
the observed signal changes. A variety of mechanisms
have been proposed ( 12-20) to explain the response of
these dyes. They can be classified broadly into the follow-
ing four types.
"On-off " mechanism
In this mechanism ( 13, 19), the partitioning of the dye
between the membrane phase and the aqueous phase is
dependent on A+I. Because the quantum yield of these
dyes is environment sensitive, the observed fluorescence
intensity becomes AiV sensitive. This mechanism is valid
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'Abbreviations used in this paper: diOC2(5), 3,3'-diethyloxadicarbo-
cyanine iodide; oxonol V, bis-[3-phenyl-5-oxoisoxazol-4-yl] pen-
tamethine oxonol; A{L, membrane potential (inside vs. outside).
only for dyes with fixed charge(s) on them. According to
this mechanism, the signal could be observed for either
sign ofA{. Although the on-offmechanism is applicable
to both membrane-permeable and impermeable dyes, it
is more relevant to the latter ( 19). The response time,
according to this mechanism, is generally well below 1 s
( 13, 19); hence the dyes that respond by this mechanism
would be classified as fast dyes.
AO-dependent equilibrium between
membrane-bound dye populations
The dye populations within the membrane could be ei-
ther in different orientations (such as parallel and per-
pendicular to the membrane plane), as shown in the case
ofmerocyanine 540 (14), or at different locations within
the membrane, as suggested in the case ofsome oxonols
(20). Molecules with large permanent dipole moments
such as these dyes could reorient within the membrane
in the presence of A{. These populations could have dif-
ferent quantum yields; hence the A4t'-induced perturba-
tions of the equilibrium could result in changes in the
fluorescence intensity. These changes would be substan-
tial if some of the populations are nonfluorescent, as in
the case of dimers suggested for merocyanine 540 (14).
Because At-induced reorientations take place within the
membrane, the response time of these dyes would be
even faster (,us-ms) than that expected for an on-off
mechanism. Similarly to the on-off mechanism, this
mechanism also would result in signal changes for either
sign of A ,.
A4r-induced uptake of the dye
In this mechanism, the dyes that are permeant and hav-
ing a permanent charge will distribute across the vesicu-
lar membrane in a Nernstian fashion. When the sign of
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AV,6 (inside versus outside) is opposite to that of the net
charge on the dye, the dye will get concentrated in the
inner aqueous phase, leading to concentration quench-
ing ofthe fluorescence. Obviously, when the sign of Ait2 is
the same as the sign ofthe charge on the dye, there will be
no change in the observed fluorescence intensity. Dyes
responding by this mechanism are generally associated
with much larger signal changes compared with the dyes
that respond by the earlier mechanisms ( 1, 7). The pro-
cess oftranslocation across the membrane makes the re-
sponse time slow (s-min). Hence such dyes have been
labeled as slow dyes ( 1).
Charge-shift electrochromic
mechanism
The absorption spectrum of the dye molecule anchored
in the membrane undergoes a perturbation caused by A4,
(21-23). Upon excitation, an electronic redistribution
occurs in the dye molecule. If the direction of the resul-
tant charge shift is perpendicular to the membrane plane
(and hence parallel to A/) the energy of the electronic
transition is altered (24). Evidence for this mechanism
has been provided in a few cases. Because the response
does not involve any nuclear rearrangement, it is ex-
pected to be very fast ( -I 10'1 s). Unlike the previous
mechanism, this does not involve equilibrium among
different populations.
Apart from such a generalization, a few other special
mechanisms have also been proposed in some individual
cases (25).
One of the major difficulties in discriminating be-
tween various mechanisms is the severe overlap of spec-
tra (both absorption and emission) of the different dye
populations mentioned above. In this work, we have re-
solved dye populations through their fluorescence decay
kinetics. Ait-induced changes in these population levels
were inferred from the changes in the amplitudes oftheir
time-resolved fluorescence intensities. Our results show
that the dye diOC2(5) (3,3'-diethyloxadicarbocyanine
iodide) works by an on-off mechanism (type 1); in the
case of oxonol V (bis-[3-phenyl-5-oxoisoxazol-4-yl]-
pentamethine oxonol), the response mainly comes from
a A,-dependent shift in the equilibrium between bound
forms (type 2).
MATERIALS AND METHODS
Sonicated soybean phospholipid vesicles (26) were used in most ofthe
experiments. DiOC2(5) and oxonol V were obtained from Molecular
Probes Inc. (Eugene, OR).
Steady-state fluorescence measurements were carried out using a
spectrofluorophotometer (model RF 540; Shimadzu Corp., Kyoto, Ja-
pan). Fluorescence lifetimes were measured using a CW mode-locked
Nd-YAG laser-driven dye (Rhodamine 6G) laser system described else-
where (27). Fluorescence decay curves were obtained using a time-
correlated single photon counting set-up (27) coupled to a microchan-
nel plate photomultiplier (model 2809U; Hamamatsu Corp.). The
halfwidth of the excitation response function was 100 ps (28).
The samples were excited with (typically) 4-ps pulses from the dye
laser and the fluorescence emission was collected through either a 590-
nm (in the case of diOC2[5]) or a 630-nm (in the case of oxonol V)
cut-offfilter followed by a monochromator. The cut-offfilter was neces-
sary because of high levels of scattering of the excitation beam from
liposome suspensions. The effectiveness of this step was checked in
control experiments in liposome suspensions in the absence ofthe dye.
The peak counts obtained in control experiments were comparable to
the background level. In fluorescence lifetime measurements, the emis-
sion was monitored at the magic angle (54.7°) to eliminate the contri-
bution from the decay ofanisotropy. In time-resolved anisotropy mea-
surements, the emission was collected at directions parallel (II) and
perpendicular (I,) to the polarization of the excitation beam. The an-
isotropy (r) was calculated as:
r(t) =
II -
,1 1G(X)() II + 2I_L G(A)'
where G(X) is the geometry factor at the wavelength (X) of emission.
The G factor of the emission collection optics was determined in sepa-
rate experiments using a standard sample (diOC2(5) in buffer).
The fluorescence decay curves at the magic angle were analyzed by
deconvoluting with the excitation function (obtained using a purely
scattering medium) to obtain the intensity decay function represented
as a sum of three exponentials:
I(t) E Ai exp(-t/Tr), i = 1, 2, 3.
Nonlinear least square analysis (Marquardt method) was performed to
extract the amplitude parameters Ai and the lifetimes ri (29). In most
of the cases, pairs of decay curves (obtained in the presence and in the
absence of Av) were analyzed globally (30). Such analyses fit the two
decay curves with the same values of Ti but with different values ofAi.
This was essential to get unambiguous information of the A4,-induced
change in the value of Ai, which was often very small (see Results).
Global analysis ofmore than two decay curves was performed in exper-
iments designed to obtain the variation ofAi with the concentration of
lipid.
The experiments were performed at 23-25°C. Other experimental
conditions are given in the figure legends.
RESULTS
We have selected the positively charged dye diOC2(5)
and the negatively charged dye oxonol V as typical can-
didates for our studies. These dyes have been used in a
large number of experiments (e.g., 5, 25, 31-35).
Steady-state fluorescence
measurements
The steady-state fluorescence of both diOC2( 5) and ox-
onol V in liposome suspensions was sensitive to Ai, (Fig.
1). AA was generated as valinomycin-induced K+ diffu-
sion potential (see legend to Fig. 1). An inside negative
A,/ increased the fluorescence intensity in the case of
diOC2(5) and decreased the intensity in the case of ox-
onol V. Opposite effects were observed when the polarity
of Ai1 was reversed (Fig. 1 ). These changes are similar to
those observed by others (5, 20, 27). Valinomycin-in-
duced fluorescence changes changed sign when the sign
of Ai,t was reversed (Fig. 1). This was also seen in the
amplitude parameters zvAi obtained from time-resolved
fluorescence data (see below). These show that the ob-
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FIGURE I At-induced changes in fluorescence intensity. (A)
diOC2(5); trace a, AV is negative: to a suspension ofsoybean phospho-
lipid vesicles (0.69 mg/ml) in 150 mM NaCl, 4.5 mM KCI, 30 mM
NaH2PO4, 2 x 10-7 M diOC2(5), pH 7.5, valinomycin (2 x 10- M)
was added. The buffer composition in the inner aqueous phase was 150
mM KCI, 30mM KH2PO4, pH 7.5. The magnitude of hA generated by
valinomycin-induced K+ diffusion potential, calculated from the
Nernst equation, is -89.8 mV. The excitation was at 575 nm and the
fluorescence intensity was measured at 630 nm. The downward spike is
due to opening and closing of the sample compartment. Trace b, A4t is
positive: the internal buffer was 150 mM NaCl, 3 mM KCl, 30 mM
NaH2PO4, pH 7.5, and the external buffer was 150 mM KCI, 30 mM
KH2PO4, pH 7.5. (B) Oxonol V: trace a was for A4/ positive and the
trace b was for AI negative. The concentrations of oxonol V and the
lipid were S x 10-7 M and 0.38 mg/ml, respectively. The fluorescence
was monitored at 650 nm by exciting at 600 nm.
served fluorescence changes were caused by Al/i rather
than by any interaction of valinomycin with the dye.
Furthermore, the low levels of valinomycin (whose final
concentration was <1/50th of the concentration of the
dye) used in our experiments are unlikely to have caused
significant levels ofcomplex formation with the dye. Fur-
thermore, Al/6-induced fluorescence changes were also
observed when Al/2 was generated by a ApH-induced H+
diffusion potential (data not shown). The normalized
fluorescence intensity changes, AF/F, induced by Al/
decreased with increasing concentration of the lipid in
the case ofdiOC2(5 ) (Fig. 2 A). In contrast, in the case of
oxonol V, AF/F showed an initial sharp increase fol-
lowed by a slight decrease (Fig. 2 B). Fig. 2, A and B, also
show the titration ofthe total fluorescence intensity with
the concentration of lipid. These titrations show that the
binding of both the dyes to the liposome is essentially
complete beyond -1 mg/ml of lipid (Fig. 2, A and B).
Taken together, these results suggest that the two dyes
respond to Al/ by different mechanisms. In the case of
diOC2(5), AF/F decreased with increased binding to
liposomes and essentially approached to zero when the
binding is complete. In contrast, in the case ofoxonol V,
AF/F showed an increase with increased binding. Fur-
thermore, the signal change, AF/F, remained substan-
tial even when the dye binding to liposomes was essen-
tially complete (Fig. 2 B).
Time-resolved fluorescence
measurements
To get a clear understanding of the mechanism of re-
sponse of these dyes, time-resolved fluorescence mea-
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FIGURE 2 Lipid concentration dependence of the fluorescence inten-
sity and At-induced intensity changes. (A) diOC2( 5): the fluorescence
intensity (0) was measured at 630 nm in a medium containing 150
mM NaCl, 30 mM NaH2PO4, pH 7.5. The concentration ofdiOC2(5)
was 6 x 10-7 M. The residual scattering due to liposome suspension
has been corrected for in these data (0). A4-induced intensity changes
(-) were measured for At negative inside. (B) Oxonol V: the fluores-
cence intensity (0) was measured at 650 nm in a medium containing
150 mM NaCl, 30 mM NaH2PO4, pH 7.5. The concentration of ox-
onol V was 10-6 M. A4&-induced changes in the fluorescence intensity
(o) were measured in situations where the A4' was positive inside.
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FIGURE 3 Fluorescence decay of diOC2(5) (A) and oxonol V (B) in
buffer ( 150mM KCI, 30mM KH2PO4, pH 7.5). The excitation profile
(a), emission profile (b), and the single exponential fit ofthe emission
profile (smooth line in b) are shown. The residuals and the autocorrela-
tions are given in top panels. The excitation and emission wavelengths
were 575 and 590 nm for diOC2( 5) and 600 and 630 nm for oxonol V.
The time resolution was 41.6 ps/channel inA and 8.3 ps/channel in B.
The deconvoluted fluorescence lifetimes were 650 ± 2 and 47 ± 1 ps,
respectively.
surements were undertaken. Both diOC2(5) and oxonol
V showed single fluorescence lifetimes in aqueous
buffers. The lifetimes were 650 and 50 ps for diOC2(5)
and oxonol V, respectively (Fig. 3 and Table 1). The
fluorescence decay of both the dyes became multiexpo-
nential in the presence ofsoybean phospholipid vesicles.
The decay curves could be fitted well to a sum of three
exponentials (Fig. 4 and Table 1). In-both the cases,
biexponential fits were not satisfactory, as seen in the
residuals (Fig. 4) and the values of x2. The three expo-
nential time constants were -0.6 (r1 ), 0.1 (T2), and 1.8
ns (T3) in the case of diOC2(5) and -50 (XI), 0.3 (pr2),
and 0.6 ns (T3) in the case ofoxonol V in a suspension of
soybean liposomes. The relative contributions (A1, A2,
and A3) of the three lifetimes were dependent on the
emission wavelength, Xem. In the case of diOC2(5), A1
and A2 had a similar dependence on Xem. A2 and A3
showed similar dependence in the case ofoxonol V (data
not shown).
diOC2(5)
In the case ofdiOC2( 5), one ofthe three lifetimes (X1 -
0.6 ns) obtained was not significantly far off from the
lifetime obtained in the buffer alone. This indicates that
r1 represents the dye population in the aqueous phase,
and T2 and r3 represent the populations bound to the
membrane. This conclusion was supported by a series of
experiments in which the concentration oflipid was var-
ied at a fixed concentration ofthe dye. In such titrations,
the amplitude A1 corresponding to r1 decreased with in-
creasing concentrations of the lipid, whereas A2 and A3
(corresponding to T2 and r3, respectively) increased with
increasing concentration of the lipid (Fig. 5 A). These
changes are very similar to the changes of total fluores-
cence intensity with the concentration oflipid (Fig. 2 A).
The lifetimes, however, were not significantly dependent
on the concentration of the lipid (Fig. 6 A). Thus, these
data support the model that T2 and T3 represent the
membrane-bound dye, and T1 represents the free dye.
(However, it should be noted that A1 values, despite its
decrease, did not approach zero at high concentration of
the lipid [Fig. 5 A]. This would indicate that beyond -1
mg/ml of lipid, the population with lifetime - 0.6 ns
represents another bound form.) Neither Ai nor Ti ( i = 1,
2, 3) were significantly dependent on the concentration
ofthe dye (in the range 0.05-1.0 ,uM) at a fixed concen-
tration of lipid (data not shown).
The imposition of Ai/, resulted in significant changes
in the fluorescence decay profile. Analysis ofa large num-
ber of decay profiles individually showed that none of
the three lifetimes was significantly affected by AV/ (data
not shown). However, the amplitudes Ai showed defi-
nite changes in the presence of z4,6. Because these
changes were quite small, especially at high concentra-
tions of lipid, the decay profiles in the absence and in the
presence of A1' were analyzed globally in pairs (see Mate-
rials and Methods). In this analysis, the two decay pro-
files were simultaneously analyzed for the same set of Ti
but varying amplitudes Ai (30). Table 1 shows some typi-
cal results ofsuch global analysis ofpairs ofdecay curves.
The results clearly show that A4// perturbs the position of
equilibrium between the free (A, ) and membrane-
bound (A2 andA3) diOC2(5) populations. An inside neg-
ative A4i decreased AI and increased both A2 and A3,
showing an increased partitioning of the positively
charged diOC2(5) into the membrane. Ai\,-induced
Das et al. Mechanism of Potential-sensitive Dyes 1125of Potential-sensitive DyesDas et a]. 1125
TABLE 1 Fluorescence lifetimes (,) and amplitude factors (Aj) of diOC2(5) and oxonol V in liposome suspensions
Fluorescence lifetimell Normalized amplitude factor1l
No. Sample A4T§ Tj 2 r3 Al A2 A3 x2
ns
I diOC2(5) in buffer* - 0.65 - 1.0 0.99
2 diOC2(5) in liposomes 0 0.70 0.124 1.71 0.513 0.256 0.231 1.19
(0.11 mg/ml)$
3 -do- 0.70 0.124 1.71 0.321 0.307 0.373 1.01
4 diOC2(5) in liposomes 0 0.56 0.101 1.76 0.316 0.230 0.456 1.17
(1.1 mg/ml)t
5 -do - 0.56 0.101 1.76 0.238 0.295 0.467 1.29
6 diOC2(5) in liposomes 0 0.63 0.133 1.77 0.307 0.242 0.451 1.25
(1.1 mg/ml)t
7 -do- + 0.63 0.133 1.77 0.416 0.161 0.424 1.19
8 Oxonol V in buffer* 0.050 1.0 - 1.16
9 Oxonol V in liposomes 0 0.041 0.269 0.649 0.414 0.386 0.200 1.15
(0.66 mg/ml)t
10 -do + 0.041 0.269 0.649 0.404 0.356 0.240 1.20
11 Oxonol V in liposomes 0 0.041 0.211 0.569 0.350 0.379 0.271 1.18
(0.66 mg/ml)t
12 -do 0.041 0.211 0.569 0.363 0.395 0.242 1.23
13 Oxonol V in liposomes 0 0.056 0.304 0.689 0.391 0.424 0.185 1.35
(1.1 mg/ml)$
14 o- + 0.056 0.304 0.689 0.387 0.387 0.226 1.33
* The buffer used was 150 mM NaCI, 30 mM NaH2PO4, pH 7.5.
Data analyzed globally in pairs (At = 0 and A~ 0.)
§ Membrane potential (inside versus outside).
The standard deviations associated with the parameters are -3%, exc
deviations were - 10%.
changes in Ai values showed a dependence on the con-
centration of lipid (Fig. 7 A). The magnitude of AAi
decreased with the increase in the lipid concentration
and tended toward zero beyond -1 mg/ml of lipid.
These changes are similar to the lipid concentration de-
pendence of the change in fluorescence intensity AF/F,
which also approached zero beyond -1 mg/ml of lipid
(Fig. 2 A). Also, the At-induced relative changes in the
mean lifetime (Tm = li AiTi) agreed with AF/F values
reasonably well. This shows that the response ( AF/F) of
the observed fluorescence intensity to i\{ is due to the
A ,-induced change in the partition of the dye between
the aqueous and the membrane phases. Such a conclu-
sion is supported by the steady-state measurements (Fig.
2, A and B), which showed negligible signal (AF/F)
when the dye was almost completely bound. In contrast
to the shift in equilibrium between the free (A1) and
bound (A2 and A3) forms, there was no significant At-in-
duced perturbation of the equilibrium between the two
bound forms. .A2/A2 and AA3/A3 were ofthe same sign
and of similar magnitudes (Table 1 and Fig. 7). Also,
AA2/A2 and .A3/A3 decreased with increasing concen-
trations of the lipid, supporting the above conclusion.
Oxonol V
As mentioned earlier, the fluorescence decay of oxonol
V in liposomes also could be fitted to a sum of three
-ept in the cases ofAI and T, associated with oxonol V, where the standard
exponentials (Table 1). In this case also, a component,
T1 (- 50 ps), was found that is close to that of the free
oxonol V (50 ps). In lipid titrations the amplitude (A1)
corresponding to T1 saturated at -0.4 (Fig. 5 B), indi-
cating that this component is bound at high lipid con-
centrations. Also, in titrations with lipid concentrations
(Fig. 2 B), the total fluorescence intensity saturated
beyond -0.3 mg/ml, similar to earlier observations
(25). This shows clearly that beyond -0.3 mg/ml of
lipid, the concentration of free dye is negligible. Hence,
T1 obtained beyond -0.3 mg/ml of lipid should repre-
sent a bound form similar to the observations with
diOC2( 5). In the case ofoxonol V in liposomes, the rela-
tive amplitudes Ai were dependent upon whether the
analysis was performed on the complete decay curve (in-
cluding the raising edge) or from the peak. Because the
lifetime of free oxonol V is very short (50 ps), its decay
information is contained in only a few initial channels.
Hence the analysis was performed on the full decay
curve so as to get the total information on the free form.
The full curve analysis gave larger values of X2 (- 1.5).
However, Ti values were very similar in both "full curve"
and "from the peak" analysis. T1 and r2 were largely inde-
pendent of the lipid concentration (Fig. 6 B). The lon-
gest lifetime T3 increased with increase in the concentra-
tion of the lipid. This could be due to concentration
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FIGURE 4 Typical fluorescence decay of diOC2(5) (A) and oxonol V
(B) in liposome suspensions ( 1.1 mg/ml) in the absence ofmembrane
potential. Traces a and b are excitation and emission profiles, respec-
tively. Fits using a sum ofthree exponentials are given as smooth lines
in b. The excitation and emission wavelengths were 575 and 590 nm
for A and 600 and 630 nm for B. The parameters obtained by three
exponentials fits are given in Table 1.
quenching of the dye at very low concentration of the
lipid where concentration of the dye in the lipid would
be high.
Generation of an inside positive Ai\, resulted in an in-
crease in A3 and a decrease in A2 (Table 1 and Fig. 7 B).
The opposite effect was observed for an inside negative
A+1. Because of low value of rl the uncertainty in the
measurement of A, is large ( 10%). Hence small
changes (<10%) in A, were not reliably obtained. How-
ever, inspection of a large number ( -40) of sets of data
show that in -70% ofthe cases, the sign of AA, was the
same as that of AA2. Another significant observation is
that AAi values did not approach zero with increase in
the concentration of lipid but remained largely insensi-
tive (Fig. 7 B). This is similar to the steady-state results
(Fig. 2 B), where a significant amount of signal (AF/F)
was observed even when the dye was totally bound. This
rules out an "on-off" mechanism, which would require
a substantial reduction in the magnitude of AAi with
increasing concentration of lipid as observed in the case
ofdiOC2( 5). Also, this indicates a mechanism involving
zA&-dependent shift in the equilibrium between bound
forms, represented by T2 and r3 (type 2 mechanism). An
inside positive A4, would increase the population repre-
sented by T3 at the cost of the population represented
by T2
Time-resolved anisotropy
measurements
Fig. 8 shows the decay of fluorescence anisotropy of the
dyes in liposome suspensions. The aim ofthese measure-
ments was to look for any A4/-dependent change in the
dynamics ofmembrane-bound dyes. Hence, the fluores-
cence anisotropy was monitored at 610 nm, the wave-
length where the emission from the free form is less pre-
dominant, in the case ofdiOC2(5), and at 630 nm in the
case ofoxonol V. As seen in Fig. 8, creation of Ai/' did not
have any significant effect on the anisotropy decay behav-
ior in both the cases. The small changes observed could
be due to Aif-induced shift in the population levels as
seen in fluorescence lifetime measurements. The anisot-
ropy did not decay back to zero as seen from the smooth
simulated lines in Fig. 8. The values of ro, were 0.10 and
0.206 for diOC2(5) and oxonol V, respectively. The
nonzero values of r.,, would arise from restricted motion
of the bound dye. This suggests that oxonol V is bound
more firmly compared with diOC2(5).
DISCUSSION
It is generally recognized that the distribution of fluoro-
phore in bilayers is not likely to be homogeneous, in the
sense that the properties ofthe fluorophores are not like
those in an isotropic medium. Very little work has been
done to quantify the inhomogeneous distribution. For
LIPID (mg/mL) LIPID (mg/mL)
FIGURE 5 Dependence of normalized amplitudes (preexponential
factors) associated with fluorescence decay time constants (Table I ) on
the concentration of lipid for diOC2(5) (A) and oxonol V (B).
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ambiguous (36, 37). Recently, it has been shown that
the decay of membrane-bound fluorophore ought to be
nonexponential if the membrane fluidity permits reor-
ientation of the dye in excited state (39). It will, how-
ever, be difficult to resolve all the details of the complex
nature ofthe decay from experimental data. The two-ex-
ponential decay of diphenyl hexatriene in dipalmitoyl
phosphatidylcholine bilayers was shown to be consistent
with the above theory (39).
The main aim of the present work was to identify the
mechanism ofthe fluorescence response ofthe dye to Ai\
A
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FIGURE 6 Dependence of fluorescence lifetimes ofdiOC2( 5) (A) and
oxonol V (B) on the concentration of lipid. In the case of diOC2(5),
one of the lifetimes was fixed at 0.65 ns in the analysis.
this reason there has been a lot of discussion concerning
the analysis of fluorescence decay of fluorophores in
membranes (36-39). A multiexponential function is of-
ten used with the understanding that each lifetime repre-
sents a population offluorophores. Usually, two or three
exponentials are found to be adequate to fit the data.
Analysis ofthe decay curve for a distribution oflifetimes
has also been proposed and carried out, although the
choice of a distribution function is arbitrary (36-38).
Moreover, it has been shown that the discrimination be-
tween discrete lifetimes and distribution of lifetimes
based on statistical analysis of the data is not always un-
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FIGURE 7 Variation ofthe At-induced change in the normalized am-
plitudes with the concentration of lipid. The sign of A4 was negative
inside for diOC2(5) (A) and positive inside for oxonol V (B). In the
case of oxonol V, the uncertainty in AAI was quite large (see text) and
hence it is not given.
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FIGURE 8 Decay of fluorescence anisotropy (r) of diOC2( 5) (A) and
oxonol V (B) in liposome suspensions and the effect of A6 (negative
inside). The concentration of lipid was 0.1 mg/ml for A and 1 mg/ml
for B. The excitation and emission wavelengths were 575 and 610 nm
forA and 600 and 630 nm for B. The top curve (zA4, negative) in bothA
and B was shifted up by 0.1 to avoid congestion. The smooth lines are
simulations ofthe equation r(t) = A, exp(-t/1I) + A2 exp( -t/2) +
r.0 with the values ofA,, A2, 41, and (2 as 0.117, 0.137, 0.417 ns, and
5.41 ns forA and 0. 1 19, 0.082, 0.17, and 1.99 ns for B. The values of r.,
were 0.10 for A and 0.206 for B. The smooth lines do not have any
theoretical significance.
observed in steady-state experiments. We have uni-
formly adopted the strategy of fitting the decay curve to
three exponentials (two exponentials are inadequate) as-
sociated with different populations for the following rea-
sons. (a) The dyes used in this work are water soluble
and the dye is distributed between membrane and
aqueous phase in most or all of the samples studied by
us. (b) In the case ofmerocyanine 540, a dye structurally
similar to the ones used in this work, distribution of the
dye in the membrane was found to be heterogeneous
( 14), where orientation ofthe dye was parallel or perpen-
dicular to the plane of the membrane. (c) The effect of
A4P is known not to affect the lipid bilayer properties.
Otherwise, practically all membrane-soluble dyes could
be used to sense A4/ due to the change in the environ-
ment of the bound dye. The potential-sensing dyes are
usually charged and A4t interacts with the charge or di-
pole moment ofthe dye affecting the physical state ofthe
dye in the membrane. Thus, the existence of at least two
bound forms makes sense.
Time-resolved fluorescence ofthe two typical voltage-
sensitive dyes diOC2(5) and oxonol V in liposome sus-
pensions has been resolved into three components. Com-
parison of their fluorescence lifetimes with those ob-
tained in the absence ofliposomes and titrations with the
lipid (Fig. 5) has identified one ofthe three lifetimes (rI )
as corresponding to the aqueous population in samples
with lipid concentration less than -1 mg/ml. The other
two populations (with lifetimes T2 and r3) have been
identified as membrane-bound forms as seen by the in-
crease in their levels (A2 and A3) with increase in the
concentration of the lipid (Fig. 5). Beyond -1 mg/ml
of lipid, all the three lifetimes correspond to bound
forms. The earlier time-resolved fluorescence study of
oxonol V in submitochondrial particles (40) had re-
solved only two lifetimes, 80 and - 600 ps. In their analy-
sis, the decay curves were not deconvoluted with the ex-
citation pulses. Also, time resolution was achieved using
a form of coincidence spectroscopy (40) rather than a
more precise time-correlated single photon counting
technique used in our work. This could explain our reso-
lution of the decay curves into three exponentials. Two
lifetimes (0.3 and 0.7 ns) were reported for the cationic
styryl probe in dimyristoylphosphatidyl choline vesicles
(41 ). This was interpreted as due to two different bound
forms.
Surprisingly, in the case of diOC2(5), one of the
bound forms (i-2) had a lifetime of -0. 1 ns (Table 1),
which is significantly shorter than the lifetime ofthe free
dye (0.65 ns). The time constant ( 2) of -0. 1 ns may be
the result of the excited state of a bound form (say, Dbl )
getting transformed into another population (say, Db2)
*
DbI
1v kFI
*
Db2
4b2
Dbl
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having a lower or negligible quantum yield at the wave-
length of observation (scheme 1). The driving force for
such a transformation could be a charge-shift generated
by excitation (21-23). In this model, r2 will be a func-
tion of both the rate of decay of fluorescence from Dbl
and the rate oftransformation ofDbl into Db2. The simi-
lar dependence ofA1 and A2 on the emission wavelength
(data not shown) suggests that the environment of the
population Dbl is similar to that ofthe aqueous dye. This
could indicate the location of Dbl to be at the mem-
brane-water interface. In this model also, the relative
changes in A2 will be proportional to the changes in the
concentration of that bound form.
In contrast to the observations in diOC2(5), the life-
times of the three bound forms of oxonol V (at lipid
concentrations > 0.3 mg/ml) were -50, -0.3, and
-0.6 ns. The last two lifetimes are very much longer
than the lifetime of aqueous oxonol V (50 ps). Because
the resolution of our technique is - 10-20 ps, any other
shorter lifetime could not have shown up.
Nonfluorescent dye aggregates are not formed either
in the aqueous phase or in the membrane phase, as seen
by the following observations. The steady-state fluores-
cence intensity ofthe dyes varied linearly with respect to
their concentration in the aqueous medium (data not
shown) under our sample conditions, thus eliminating
nonfluorescent dye aggregates in aqueous solutions.
Also, the total fluorescence intensity did not change sig-
nificantly with the increase in the lipid concentration
beyond -1 mg/ml (the concentration at which the bind-
ing to membranes is essentially complete, see Fig. 5) as
shown in Fig. 2. This rules out any significant level of
nonfluorescent dye aggregates in the membrane. The
very low concentrations of the dye used in our samples
([dye]/[liposome] 1 or less) are highly unlikely to
have caused aggregates in the membrane phase.
Our aim in this work was to identify the correct model
to explain the mechanism of response of these dyes (see
Introduction). Our data (Table 1 and Fig. 7 A) show
clearly that At perturbs the equilibrium between the
aqueous ( -I) and membrane-bound (r2 and T3) dye pop-
ulation in the case of diOC2( 5). An inside negative A.4
shifts the equilibrium in favor of the bound form of the
positively charged diOC2(5). This is a clear evidence in
favor of the "on-off" mechanism. Although a similar
conclusion had been derived in earlier work based on
steady-state fluorescence measurements ( 18, 19), the re-
sults were always associated with uncertainty arising
from spectral overlaps of free and bound dye popula-
tions. Our data are also unambiguous in showing that
there is no significant A ,-induced shift in equilibria be-
tween bound forms ofdiOC2(5). This was shown by the
changes in amplitudes A2 and A3 (Table 1 and Fig. 7 A).
This conclusion is stronger from data with high concen-
trations of the lipid where most of the dye is membrane
bound (Fig. 7 A).
Although the term "on-off" encompasses mecha-
nisms involving .A4-dependent partitioning between the
aqueous and the membrane phase, the actual mecha-
nism could depend upon whether or not the dye is mem-
brane permeable. In the case ofcharged and impermeant
dyes such as WW78 1, the "on-off" mechanism would
mean a shift in partition between the outer aqueous
phase and the membrane-water interface. Permeable
dyes such as diOC2(5) would easily equilibrate across
the membrane. Hence a Ait-induced "on-off" occur-
ring at one side of the membrane would be cancelled by
the "on-off" signal of opposite sign at the other side.
However, we observed Ai/-induced fluorescence changes
in liposome preparations having identical concentra-
tions ofdiOC2(5 ) in both inner and outer aqueous com-
partments (data not shown). The magnitude of the sig-
nal was comparable to that observed in samples where
the dye was added only to the outer medium. It is likely
that the large ratio of the volumes of the two aqueous
phases is responsible for the net signal change. Driven by
a A{, permeable dyes would redistribute across the
membrane in a Nernstian manner. The large volume
asymmetry would result in drastic changes in the con-
centration of the dye in the inner compartment, while
the concentration in the outer phase would remain
largely unaltered. If there is equilibrium between free
and bound forms at each side ofthe membrane, a change
in the concentration in the inner phase would change the
amount of the inner bound form (5). In this mecha-
nism, the dependence of the partition coefficient on AA4
manifests through a Nernstian distribution across the
membrane.
In contrast to diOC2( 5 ), oxonol V responds mainly by
a mechanism by which Ait perturbs the equilibrium be-
tween two bound forms (represented by T2 and r3 of
-0.3 and -0.6 ns, respectively). An inside positive A.4
increases the relative population ofthe bound form, with
a longer lifetime resulting in increase in the overall fluo-
rescence intensity. The different populations could repre-
sent oxonol V in different locations in the membrane.
The shortest component (T1 ) could arise from either free
oxonol V (at lipid concentrations below -0.3 mg/ml)
or bound oxonol V at the membrane-water interface (at
lipid concentrations above -0.3 mg/ml). The two
longer components could represent dye populations bur-
ied (to different extents) in the hydrophobic core of the
bilayer. Multiple location of some oxonols in bilayers
have been suggested earlier (20). Because an inside posi-
tive AV, increased the relative population ofthe r3 compo-
nent (and the reverse for an inside negative A.4), this
population could be more buried compared with the pop-
ulations represented by either rI or r2. One could expect
the AV/-induced shift in the equilibrium taking place at
one side ofthe bilayer to cancel the shift happening at the
other side, resulting in zero signal. However, the high
asymmetry in the area of the two monolayers in small
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(-300-A diam; reference 26) vesicles is expected to re-
sult in a net signal change, as experimentally obtained.
Changes taking place at the outer monolayer will be dom-
inant.
The different mechanisms ofresponse by the two dyes
as inferred from our fluorescence lifetime measurements
get support from the steady-state measurements (Fig. 2,
A and B), which show distinct differences in the lipid
concentration dependence ofsignal change ( AF/F). Fur-
thermore, time-resolved anisotropy decay measure-
ments (Fig. 8) also suggest that oxonol V is bound more
firmly compared with diOC2( 5) and hence it is unlikely
to show an "on-off" mechanism. The origin of the dif-
ference in the mechanism of response of the two dyes is
not clear. Difference in the lipophilicity of the two dyes
could be a possible reason.
Receivedfor publication JO September 1992 and in finalform
2 December 1992.
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